This paper demonstrates that the ORR activity of Pt ML electrocatalysts can be further improved by the modification of surface and subsurface of the core materials. The removal of surface low-coordination sites, generation (via addition or segregation) of an interlayer between Pt ML and the core, or the introduction of a second metal component to the subsurface layer of the core can further improve the ORR activity and/or stability of Pt ML electrocatalysts. These modifications generate the alternation of the interactions between the substrate and the Pt ML , involving the changes on both electronic (ligand) and geometric (strain) properties of the substrates. The improvements resulted from the application of these approaches provide a new perspective to designing of the new generation Pt ML electrocatalysts.
Introduction
Fuel cells are considered to be one of the most promising clean energy technologies that can help resolve the energy crisis and problems of environmental pollution. However, the promise of their widespread application is seriously hindered by the necessarily high content of Pt in the cathode catalysts and the slow kinetics of oxygen reduction reaction on the best available Pt-based catalysts. New catalysts are needed that reduce considerably the Pt content while affording the possibility of enhanced catalytic activity. In recent years, we developed a new approach for designing and synthesizing electrocatalysts that significantly reduce the Pt content and surpass the oxygen reduction reaction (ORR) activity of the state-of-the-art carbon-supported Pt electrocatalysts [1] . These electrocatalysts consist of a monolayer of Pt on carbon-supported metal or metal-alloy nanoparticles and has the highest utilization of Pt since almost every Pt atom are present on the surface and participate in the electrocatalytic reactions. These electrocatalysts are referred as platinum monolayer (Pt ML ) electrocatalysts.
The Pt monolayer deposition process involves the galvanic displacement of an underpotentially deposited Cu monolayer on a suitable substrate by Pt [2] .
Since the first development, Pt ML electrocatalysts with various core materials were designed and synthesized for assorted reactions in fuel-cell applications [1, [3] [4] [5] [6] [7] [8] [9] [10] . Many of them exhibit excellent activities and stabilities. The interaction between the Pt monolayer and the substrate material has been demonstrated to induce a synergistic effect for ORR kinetics [6, [11] [12] [13] . When Pt atoms deposit on a foreign metal, due to the difference in atomic radius, the Pt surface will undergo compressive or tensile strain. As illustrated in Figure 1 [1] , Pt atoms deposited on a Ru substrate would have a large compressive strain, but they would have only a small compressive strain on Pd and a tensile strain when deposited on Au. Santos et al. also observed such strain effect and demonstrated a strong correlation between the strain and electrocatalytic activities [14] . D-band center shift induced by the surface strain has been demonstrated to be a major factor determining the catalysts' activity [15] . Moreover, electronic (ligand) effect from the electronic coupling between Pt ML and its supporting substrate play an additional role in determining the catalytic activity [16] . Density functional theory (DFT) calculations have shown that the binding energies and reactivity of small adsorbates have a great correlation with the position of d-band center on strained surfaces and metal overlayers [17, 18] . The interaction with the proper substrate can also decrease the oxidation of Pt monolayer and thus enhance the stability of the catalyst.
In our earlier study ( Figure 2 ) [6] , we demonstrated that the electrocatalytic activity for ORR of Pt monolayer on six different single crystal surfaces has a volcano-type dependence on the position of their d-band center from DFT calculations. On the top of the "volcano" plot is the Pt monolayer on a Pd(111) surface, that is, the most active electrocatalyst among six Pt monolayer-substrate couples, plus the single Pt(111) surface. Our experiments on various Pt monolayer nanoparticles also demonstrated that the variation of the core materials significantly affect the performance of the catalyst [1, [3] [4] [5] [6] [7] [8] [9] [10] . Among the Pt ML electrocatalysts we studied for the ORR, the palladium and palladium alloy cores outperform the rest in terms of both activity and stability [6, 19] .
Several unique features of Pt ML electrocatalysts open various possibilities for designing electrocatalysts with specific catalytic properties by choosing appropriate substrates. The strong dependence of the catalytic activity on the interaction between Pt monolayer and its substrate suggests that the electrocatalytic activity of Pt monolayer catalysts may be further improved via the modification of substrate materials. Since palladium and palladium alloy are the best candidates as a substrate to support Pt ML , they will be our major focus in the efforts of achieving further enhanced activity and stability. In the ORR kinetics, the reaction rate is either limited by the dissociation of O 2 or the protonation of O 2 for metal surface that binds oxygen too weakly, or by the removal of adsorbed O and OH species if the metal binds oxygen too strong [21] . In the case of Pd, the oxygen binding energy is still slightly higher than the optimum value for the ORR kinetics [16] , therefore in the design of the new generation Pt ML electrocatalysts, we are targeting at fine-tuning the core materials to further weaker the oxygen binding on Pd substrate. In this review, we will describe several examples demonstrating the improvements of the Pt monolayer electrocatalysts for the ORR via the modifications of surface and subsurface of the core materials.
Direct Modification of the Surface of the Core [22]
Although the Pd(111) substrate for Pt monolayer has been demonstrated possessing an oxygen binding energy close to the optimum value, the nanoparticle Pd, however, exhibits much more difficulty in the removing of OH species due to the existence of considerable amount of low-coordination sites, edges, defects, adatoms, and so forth, which bind oxygen much stronger than that on terrace sites [23] . To obtain a smoother Pd nanoparticle surface, we developed a strategy, referred to as bromide treatment, to successfully remove significant amount of low-coordination sites on Pd/C and Pd 3 Co/C and produce more (111) facets while maintaining the particle size. The schematic in Figure 3 illustrates how the bromide solution removes the atoms on low-coordination sites during the potential cycles. In brief, the process starts from the chemisorption of a bromine layer in an alkaline solution, followed by the reductive desorption of bromine. After immersing the electrode in the bromide-containing solution, Br − immediately is adsorbed on the surface, preferentially on the low-coordination sites, since the atoms on those sites bind with Br more strongly than those on terrace sites. In the cathodic scan, the reductive desorption of the bromine triggers the migration of low-coordinated Pd to terrace sites to minimize the total surface-free energy. Moreover, the reduction of Br to Br − introduces a positive charge in the adjacent Pd, and the low-coordinated atoms have a looser structure than the high-coordinated ones. Hence, it is likely that the low-coordinated Pd forms a Pd-Br 2 pair in solution, that is, redeposited onto the surface in the following anodic scan, accompanied by the oxidative adsorption of bromide. Meanwhile, during the cycling, the adsorbed bromine layer undergoes rearrangement to attain the stable adlayer structure on a given surface, for example, (
• -Br on Pd(111), (2 × 2)-Br on Pd(100) [24] . Therefore, during this Br-rearrangement on the surface, the adsorbed-Br may draw the dangling atoms to fill the defect sites to form a large terrace patches containing an ordered Bradlayer if the original terrace size is large enough to stabilize it. Figure 4 shows the TEM images of palladium nanoparticles before and after bromide treatment. Various shapes of particles with obtruding edges are present in the commercial E-TEK sample. In contrast, the Br-treated Pd/C nanoparticles are rounded, and their size distribution is narrow.
The formation of a well-ordered 2D metal overlayer via UPD is known to depend on the substrate's crystallographic orientation and density of imperfection [25] . The less the amount of imperfections at the surface the better the formation of more ordered commensurate 2D phases is, provided that the atomic sizes are not too dissimilar. In this case, more Pt(111) 2D patches instead of 3D clusters would form on the bromide-treated surface, which in turn, should benefit the oxygen-reduction reaction. Figure 5 shows the polarization curves for the ORR. The sample with Pt ML on Br-treated-Pd/C nanoparticles shows significant enhancement of kinetics of the ORR, compared with the untreated nanoparticles, especially at potentials more negative than the half-wave potential (marked by a circle), the so-called combined diffusion-kinetic control region. In this region, the adsorption and dissociation of molecular oxygen competes with strongly adsorbed hydroxyl species (OH ads ) for the same sites [20, 23, 26] . Furthermore, OH ads does not only block the active sites on Pt, but also changes the adsorption energy of intermediates adjacent to it formed during the reaction [20] . On a smooth surface, OH binding is less strong with respect to that on edge sites, and thus, the inhibition of the ORR kinetics decreases. We summarize the corresponding mass activity and specific activity for the ORR in the inset of Figure 5 ; 0.25-fold and 0.5-fold enhancements were found, respectively. 3 Co/C. The oxygen-reduction reaction on Pt ML /Pd 3 Co/C attained a Pt mass activity 2∼3-fold that of commercial Pt/C [7] . However, its poor stability due to the dissolution of Co hampered its industrial applications. Because the surface Co leaches during the reaction, more low-coordination sites are generated, thereby accelerating further dissolution of the Co, and degrading the catalyst. Our bromide-treatments of Pd/C nanoparticles demonstrated an excellent method of removing the low-coordination sites by having a bromine-adlayer and the resulting advantages for the ORR. Figure 6 shows the morphologies of the original Pd 3 Co/C nanoparticles, and of Pt ML on Pd 3 Co/C after the Brtreatment. The particles in the original Pd 3 Co/C have average diameter of 4.25 nm, but a wide size distribution, from 1.1 to 10 nm. Many small particles with a diameter of 3 nm were present and considerable number of defects and edges on the particles are observed. The Pt monolayer catalysts supported on Br-treated Pd 3 Co/C nanoparticles show a much more uniform particle size, averaging 5.8 nm. Considering this size includes the thickness of a Pt monolayer, the average Br-treated Pd 3 Co/C nanoparticles should be around 5.5 nm at most. The Br-treated nanoparticles exhibit a large area of well-defined (111)-crystalline structure, even after the deposition of the platinum monolayer while the untreatedPd 3 Co/C particles have much smaller patches with poorly defined crystalline structures. Seemingly, after bromide treatment, most particles with diameters less than 3 nm dissolved and were redeposited on larger particles, suggesting the occurrence of Ostwald ripening [27] during the Brtreatment. Figure 7 shows the CV and polarization curves for ORR on Pt ML catalysts supported on Br-treated Pd 3 Co/C after various potential cycles. The activity and surface area remains unchanged after 25,000 potential cycles between 0.6 and 1.0 V. It is a significant improvement of the stability since the same test with Johnson Matthey's Pt ML /Pd 3 Co/C resulted in a negative shift of the half-wave potential of more than 30 mV in the first 5000 cycles.
Br-Treatment of Pd
The above examples of surface modifications of Pd and Pd 3 Co core demonstrated that the removal of surface lowcoordination sites via bromide-treatment enables to obtain nanoparticles with smooth surfaces having a high density of (111)-oriented facets and a slightly contracted structure. The after-treated cores become excellent substrate for Pt monolayer and significant enhancements were realized of the mass activity and specific activity for the ORR.
Addition of an Interlayer between the Pt
Monolayer and the Core
. Iridium is one of the most stable transition metals; its dissolution potential is comparable with platinum [29] . Its particular activity for the ORR is enhanced by alloying it with cobalt or platinum [30, 31] . However, Ir is not a good support for a Pt monolayer because it causes the Pt lattice to contract too strongly, and consequently, significantly decreases the d-band center; that is, it lowers the reactivity of Pt, entailing a very weak adsorption of O 2 on Pt and a slow ORR kinetics [1, 6, 32] . Moreover, the relatively low ORR activity on Ir alone and its alloys, confirmed experimentally and theoretically, results from the disproportionately strong binding energy of oxygen at the surface [6] . Thus, it is a challenge to design an electrocatalytic system containing a highly stable and less expensive core, Advances in Physical Chemistry such as iridium or its alloys, to support a Pt monolayer yielding an efficient catalyst. Oxygen binding of Pd, contract to Ir, located in the other side of the volcano plot, is much stronger. Therefore, to reduce the effect of Ir on the dband center of a Pt monolayer, and to assure it can make a moderately strong bond with diatomic oxygen at the surface platinum, we placed a Pd monolayer (interlayer) between the Pt monolayer and the IrCo core. Thus, while Ir causes the Pt lattice to contract too strongly, and consequently entails low activity, a Pd support entails only a small contraction that suffices to increase the ORR kinetics on platinum. Figure 8 depicts the voltammetry curves in the absence of O 2 for the Pt ML /IrCo with and without a palladium interlayer. The effects of the Pd interlayer on the properties of a Pt monolayer are reflected in the shift of Pt oxidation in comparison with the curve without it. These effects are more pronounced on the ORR kinetics as shown in Figure 9 . For both the as-prepared IrCo and the Ir 3 Co cores, the palladium interlayer engenders a positive shift of about 50 mV and 150 mV, respectively, in the half-wave potential compared to the corresponding electrocatalysts lacking a palladium interlayer, clearly demonstrating that this interlayer significantly increases the electrocatalytic activity for the ORR.
For comparison, the mass activities for oxygen reduction at 0.9 V (RHE) of the Pt ML /IrCo/C and Pt ML /Pd ML /IrCo/C were calculated and summarized in Figure 10 ; the activity on commercial Pt/C is included as a reference. The Pt [28] .
loadings were calculated from the coulombic charge for the underpotential deposition of copper monolayer. It is exciting to find that the mass activity of the Pt ML /Pd ML /IrCo/C in terms of platinum mass and the platinum-group-metals' mass is, respectively, seven-times and four-times higher than that obtained with Pt ML /IrCo/C (without palladium interlayer). These substantial enhancements in the specific activities again highlight the essential role of the palladium monolayer in improving the overall kinetics for the ORR.
To further explore these observations, we investigated the ORR activity on these surfaces using density functional theory, within the plane-wave approach, using the program VASP [33, 34] , with the Perdew-Burke-Ernzerhof exchangecorrelation functional [35] within the generalized gradient approximation. For further analysis and comparison of the relative reactivity of all surfaces at 0.9 V, we constructed an activity measure based on a microkinetic model that is detailed elsewhere [36] . In brief, the maximal activity A can be expressed as A = kTmin i (log(k i /k 0 )) , where k i is the rate constant of each elementary step [36] . The DFT-based activities at 1 bar, 300 K, and 0.9 V shown in Figure 11 indicate that the ORR activity on all surfaces studied is limited by the OH removal step. These values closely follow the trend in OH adsorption; therefore, OH adsorption energy is a descriptor of ORR activity of these surfaces. Both catalysts, IrCo and Ir3Co, with a Pd interlayer have a weaker OH binding than those without the interlayer, which is in agreement with the experimental results, that is, higher activity was observed on the catalysts with a Pd interlayer. Moreover, we note that the effect of the reduced lattice constant of the Ir-Co cores by the Pd interlayer clearly is reflected in the adsorption energies of the adsorbates. Ramírez-Caballero et al. [37] To summarize, this section describes a simple method of improving Pt monolayer core-shell catalysts that have an inadequate Pt-core interaction causing their relatively low ORR activity. Using a Pd monolayer as an interlayer between Pt and the core modifies their interaction and improves their ORR activity significantly. Employing the IrCo and Ir 3 Co alloy cores as supports, we demonstrated the essential role of a palladium interlayer in developing excellent platinum monolayer electrocatalysts for the ORR. Incorporating a palladium interlayer in the Pt ML /IrCo/C catalyst realized a sevenfold-and a fourfold-higher specific activity, respectively, in terms of platinum mass and platinum-groupmetals' mass. Our results reveal that the right choice of an interlayer, such as Pd, can facilitate the use of stable and relatively inexpensive core, such as IrCo, and tune the electrocatalytic properties of the surface platinum monolayer to achieve an efficient ORR electrocatalyst. Our DFT calculations corroborated these findings. Therefore, improved, lowcost ORR electrocatalysts with high activity, and increased potential for commercialization, can be obtained based on this approach. [38] . The above example evidently demonstrated the meditation effect of the interlayer for the interaction between Pt monolayer and the metal core. The state-of-the-art Pt ML /Pd/C has been shown to be one of the electrocatalysts that is close to the optimum design for the ORR in terms of the value of oxygen binding energy and the position of d-band center. To further perfect this electrocatalyst, we modified the Pd core by the addition of a PdAu layer with only a small content of Au included, forming a new substrate for Pt monolayer.
Pt
The deposition of the PdAu alloy layer on the Pd/C surface was carried out via Cu UPD method. The detail of the structure for this modified Pt ML electrocatalyst is illustrated in Figure 12 . Three compositions of the PdAu alloy layer were studied, namely, Pd 95 Au 5 , Pd 90 Au 10 , and Pd 80 Au 20 . Their polarization curves for ORR are displayed in Figure 13 . All of the catalysts show improved ORR activities over those without an alloy sublayer. The activities can be ranked in a decreasing order as Pd 90 Au 10 > Pd 95 Au 5 > Pd 80 Au 20 > Pd 100 , where Pd 100 represents the catalyst without an alloy layer. The Pt ML catalyst with 10 at% Au sublayer exhibits the highest activity.
The enhanced ORR activities can be attributed to the surface strain and the d-band center shift of the Pt ML induced by the alloy layer. The lattice constants of Pt, Pd, and Au are 3.920, 3.890, and 4.080Å, respectively. The mismatch between Pt and Pd produces a lateral compressive strain when a Pt ML is deposited on Pd (extended surfaces): ε Pt/Pd = (α Pt − α Pd )/α Pd = 0.8%, where ε is the lateral strain and α is the lattice constant. This is for flat surfaces. For nanoparticles, surface curvature also contributes to producing a strain [39, 40] . For a 7.8 nm particle, this Advances in Physical Chemistry Figure 10 : Comparison of the mass activity in terms of Pt mass, (Pt + Pd) mass and the platinum-group-metal's mass (a) and the surfacearea activity (b) at 0.9 V (RHE) of Pt ML /IrCo/C (blue) and Pt ML /Pd ML /IrCo/C for oxygen reduction. The activity of Pt/C, the commercial catalyst, is shown in black [28] .
contribution is estimated to be about ∼0.4%. Although the total surface strain of ∼1.2% is still small, contraction in surface atoms in the radial direction can make a significant contribution. The enhancement in ORR activity due to the lattice contraction has been demonstrated in experiments and density functional theory calculations [18] . Huang et al. [41] have recently reported that up to 8% reduction in bond length was found in 4 nm Au nanoparticles.
When a Pt ML is deposited on Au, a lateral tensile strain can be generated in Pt ML at 3.92% that will expand Pt in the surface layer. Contraction due to the decreasing coordination numbers of surface atoms will act in the opposite direction. Therefore, when Pd-Au alloys are used as the sublayer for mediation, the interplay of lateral strain (compressive and tensile) and radial contraction (compressive strain) can lead to activity improvement of the ORR catalysts, as observed in the experiments. There should be an optimal alloy composition, that is, both too little and too much Au would decrease the ORR activity. For the results reported here, the 10 at% Au, which is estimated using the atomic radii to have about 10.5% surface coverage by Au atoms in the alloy sublayer, seems to produce the highest ORR activity. While lattice contraction may be important, the interaction of the substrate with Pt ML could result in an electronic effect on the ORR activity through charge redistribution [18, 42] . As demonstrated previously, [42] the formation of PtOH is significantly prohibited for the Pt ML on Pd nanoparticles when compared with Pt nanoparticles. Hydroxyl formation is considered as a major factor affecting ORR activity because of site blockage by OH [26] . Au may play an important role in protecting low-coordination sites on Pt from being oxidized. Wang et al. [43] recently reported that Au coated with FePt 3 stabilizes the oxidation of the surface atoms in certain facets of the nanoparticles. Likewise, the Au in the sublayer of our catalysts also has contributed to the reduction of surface oxidation, leading to the improved ORR activity of the catalysts.
The polarization curves of Pt ML /Pd/C with a Pd 90 Au 10 interlayer before and after 5000 potential cycles are shown in Figure 14 . Less than 1% loss in ORR activity was observed, demonstrating the excellent stability of the catalyst. The stabilization of the catalyst can be attributed to the reduction of surface oxidation from Au in the sublayer, therefore inhibiting the dissolution of metal. The stabilizing effects of Au on Pt nanoparticles have been reported by Zhang et al. [44] and other studies [43, 45, 46] have also demonstrated the same effect of Au. The addition of a Pd-Au alloy between Pt ML and Pd/C core enhance both the activity and stability for ORR from the induced lattice contraction (both lateral and radial). The fact that the sublayer alloy can be of different metals and compositions may open up various opportunities in tailoring catalysts for best ORR activity.
A Core for Pt ML with a Segregated Pd Layer on Pd 3 Fe(111) [47]
Pd-M alloys (M) (M = Co, Fe, or Ti) [19, 48] have shown comparable or even slightly better ORR activity than commercial Pt catalysts. The high ORR kinetics and significantly decreased cost of materials along with their satisfactory stability make some Pd-M alloys very promising candidates to replace conventional Pt catalysts for the ORR. The enhanced ORR activity observed with bulk and high-surfacearea Pd-M alloys was ascribed either to the modification of the electronic property of Pd on the segregated surface layer [16, 48, 49] or to the synergistic effect between Pd and the second metal [49, 50] . This segregated Pd surface layer that has different electronic properties from pure Pd [16] was considered to be the key factor responsible for the enhanced ORR activity on Pd-M alloys [51] . Our work on Pd 3 Fe(111) demonstrated that the segregated Pd layer from high-temperature annealing exhibits the same surface structure but different electronic properties. As shown in (Figure 16(b) ) [52, 53] . Baldauf and Kolb [54] reported that H absorption (H abs ) occurs only for Pd films thicker than 2 ML. This reversible process that is very similar to the H ads/des occurred on a Pd ML /Pt(111) electrode [55] and therefore is tentatively assigned to H ads/des on a segregated Pd layer on a Pd 3 Fe (111) a Pd/annealed-Pd 3 Fe(111) electrode does not occur until the positive potential limit extends beyond 0.73 V (red and blue line in Figure 16 (a)); this indicates the positively shifted onset of oxidation of ∼0.1 V relative to that of Pd(111). The charge density under the cathodic peak at ∼0.73 V, reflecting the surface coverage of oxygen-containing species, is considerably smaller for the Pd/annealed-Pd 3 Fe(111) electrode than for the Pd(111) one (Figure 16(b) ). These important new properties of the alloy's surface play a role in determining the kinetics of the ORR. A similar electrochemical phenomenon occurred on a Pt skin surface on Pt 3 Ni alloys [56] . The voltammetry curves stayed unchanged, even after driving the positive potential limit very high (i.e., 0.95 V).
To assess the role of Fe in determining the electrochemical and catalytic properties of the Pd layer on the Pd 3 Fe(111) surface, the Fe atoms in several topmost layers were removed almost completely by polishing and exposing such surface to acid. The remaining Pd layers on the Pd 3 Fe(111) electrode have some similarity to the Pt 3 Ni skeleton surface described by Stamenkovic et al. [57] except this pure Pd surface layer likely was thicker. This electrode showed very similar electrochemical behavior to that of a Pd(111) electrode, which verifies the role of Fe in this catalyst. Figure 17 (a) provides a set of polarization curves for the ORR on the Pt ML -covered surfaces of Pd/annealedPd 3 Fe(111) and Pd(111), and Pt(111) obtained in 0.1 M HClO 4 at room temperature. Figure 17(b) shows their corresponding specific activities at 0.9 V. A Pt monolayer supported on Pd/annealed-Pd 3 Fe(111) shows the highest ORR kinetics among these three surfaces, by a factor of at least 2 compared with that of the Pt(111) surface, and also demonstrates significantly increased ORR activity in comparison with that of the Pt ML /Pd(111) surface. To elucidate the fundamental aspects of the ORR activity of composite core-shell structures, DFT calculations were conducted for model systems composed of a single Pt ML on a Pd monolayer supported on the close-packed surfaces of several different substrates. On the basis of this analysis, the binding energy of OH on Pt ML /Pd(111) is weaker than that of OH on Pt(111) and OH removal is easier on Pt ML /Pd(111) than it is on Pt(111) ( Table 1) . As a result, the ORR activity is increased on Pt ML /Pd(111) compared to that on Pt(111).
As shown in Table 1 , Pt ML /Pd/Pd 3 Fe(111), an appropriate model for the Pt ML on the annealed-Pd 3 Fe(111) surface, the binding of OH on which is destabilized much more than on the Pt ML /Pd(111) and Pt(111). This leads to Pt ML /Pd/Pd 3 Fe(111) having more OH-free sites for O 2 adsorption and reactions than the Pt ML /Pd(111) and Pt(111) surfaces. Interestingly, we are finding that the activity of Pt ML /Pd(111) and Pt(111) is limited by OH removal (left side of the ORR activity volcano plotted against BE OH ) whereas the activity of Pt ML /Pd/Pd 3 Fe (111) The bar plot for the comparison of ORR-specific activities of the corresponding three surfaces at 0.9 V (RHE) [47] .
direct comparison between the BE OH and the calculated ORR activities on Pt ML /Pd(111) and Pt ML /Pd/Pd 3 Fe(111) at the relevant bias voltage suggests that the enhanced activity of the latter surface originates mainly from the destabilization of OH on that surface, compared to that on the former surface.
The segregated Pd layer further weakens the Pt-OH bonding, and is proven to be an excellent substrate for a Pt monolayer for the ORR, as indicated by the enhanced ORR kinetics on Pt ML /Pd/annealed-Pd 3 Fe(111) compared to that of Pt ML /Pd(111) and Pt(111).
Subsurface Modification of the
Core: Introduction of Iridium to the Pd Subsurface [58] This approach introduces a second metal to the subsurface of Pd core and thus generates a Pd-interlayer which alters both the electronic and geometric properties of the core and also affects the catalytic activity of the Pt monolayer. The purpose of submerging Ir under the Pd surface is to influence the Pt-Pd interaction in order to improve the ORR activity of the already established highly active Pt ML Pd/C [42] . Also, since Ir has a much higher dissolution potential than Pd (1.16 V for Ir and 0.99 V for Pd), [29] the addition of subsurface Ir can enhance Pd stability under fuel cell operating conditions. Figure 18 depicts the process of introducing Ir to the subsurface of Pd core for Pt monolayer. In brief, an Ir layer was first placed on Pd/C via the Cu UPD method and then was subsequently annealed at elevated temperatures to enable a thin layer of Pd to segregate to the surface. After that, a Pt monolayer was deposited via the Cu UPD. The Ir loading in IrPd/C is estimated to be 4.1 wt% and there is 11 at% of Ir in IrPd.
In Figure 19 (a), the voltammetry curve of Pt ML PdIr/C (red line) is compared to Pt ML Pd/C (blue line) and Pt/C (black line) in de-aerated 0.1 M HClO 4 while Figure 19 (b) illustrates a set of polarization curves for the ORR on the same samples with the addition of the notannealed sample (Pt ML /IrPd/C, green line) at 1,600 rpm in oxygenated 0.1 M HClO 4 . From the above CVs, the segregated Pd surface layer on PdIr nanoparticles exhibits different electrochemical behavior compared to that of Pd/C electrodes. The influence of Ir is revealed in the oxidation region. The oxidation of Pt ML on PdIr/C is delayed compared to that of Pt ML /Pd/C and Pt/C. This is in qualitative agreement with DFT calculations predicting weaker Pd-O interaction on Pd/Ir(111) than on Pd(111) [19] .
As shown in Figure 19 (b) the Pt ML PdIr/C has higher ORR activity than Pt/C and Pt ML Pd/C even though it has a smaller surface area. The Pt-specific activity (a) and Ptmass activity (b) at 0.9 V of Pt/C, Pt ML Pd/C, and Pt ML PdIr/C are summarized in Figure 20 . The Pt-specific activity for Pt ML PdIr/C is three-times and 25% higher than that of Pt/C and Pt ML Pd/C, respectively; the Pt-mass activity of Pt ML PdIr/C is more than 20-times and 25% higher than that of Pt/C and Pt ML Pd/C, respectively.
The influence of the Ir sublayer on the ORR activity could be explained by the position of the Pt ML d-band center (ε d ). Previous DFT calculations have shown that the ε d of the metal monolayer under compressive strain tends to downshift in energy whereas tensile strain has the opposite effect [6, 15] . A surface characterized by a higherlying ε d tends to bind adsorbates more strongly, thereby enhancing the kinetics of dissociation reactions producing these adsorbates. On the other hand, a surface with a lowerlying ε d tends to bind adsorbates more weakly and facilitates the formation of bonds towards larger intermediates. The [58] .
Pt ML on Pd is compressed but the position of the ε d for the Pt ML depends both on the strain (geometric effects) and on the electronic interaction between the Pt ML and its substrate (ligand effect) [6] . Introducing subsurface Ir causes a small contraction of the Pd surface layer due to the smaller atomic size of Ir compared to Pd. As a consequence, the Pt ML put on top of the Pd surface covering the PdIr subsurface will be further compressed causing additional downshift in ε d which is manifested by weaker Pt-OH interaction leading to the reduced oxidation of this ternary system. Since the intrinsic ORR activity is largely determined by the binding energy of OH, weaker Pt-OH interaction should result in enhanced ORR activity.
To directly demonstrate the destabilization of OH on Pt ML PdIr (as compared to Pt ML Pd or Pt), density functional theory calculations were performed on representative close packed (111) facets of the appropriate model systems. The results of these calculations are shown in Figure 20 (b). Therefore, according to our calculations, the annealed Pt ML /PdIr catalyst possesses the weakest binding of OH of all systems studied here. Weaker binding of OH leads to lower OH coverage, less poisoning for ORR, and thereby higher ORR activity. Our calculations provide support to the reported distribution of Ir within the sublayers. In particular, the total energies of the two Pt ML /PdIr model slabs employed suggest that Pd is more stable in the first sublayer (right below the Pt ML ) than Ir is. Therefore, upon annealing, Pd atoms are pulled from the bulk to form a Pd-rich first sublayer right below the Pt surface monolayer, with an Ir-rich second sublayer found right below the first Pd sublayer.
This work suggests that the introduction of Ir to the subsurface of the Pd core successfully modified the electronic and geometric properties of the substrate for the Pt ML , which in turns benefit the ORR kinetics.
Other Modifications of Cores to Improve
Pt ML Electrocatalysts
In addition to the above approaches, some of our efforts were also put on the study of unconventional core materials for Pt ML . Two examples will be briefly shown here. In addition to the conventional carbon-supported metallic nanoparticles, we found that intermetallic compound can be a great alternative as the substrate for Pt monolayer [59] . Some intermetallic compound nanoparticles are stable and highly active catalysts for small organic molecular oxidation [60, 61] . Figure 21 shows the comparison of the Zero of the energy scale corresponds to OH(g) and the respective metal slab at infinite separation from each other. Pt ML /Pd/PdIr 2 /Pd represents the synthesized annealed catalyst (Pt ML PdIr) whereas Pt ML /PdIr 2 /Pd would be the expected catalyst without annealing (Pt ML IrPd). The BE of OH on other relevant model systems is provided for comparison [58] .
ORR activity of the Pt ML electrocatalysts with intermetallic compound PtPb and PdFe cores with the standard Pt/C. The activity of the Pt/C is inferior to those Pt ML intermetallics. It demonstrated that the combination of highly stable, inexpensive intermetallics with Pt monolayer is promising in the design of electrocatalysts with high activity, low metal content, and high stability. Another example is using multimetallic nanoparticles as the substrate for Pt monolayer. Our study on Pt ML /AuNi 0.5 Fe/C [62] demonstrated that by choosing proper combination of metals, the multimetallic core materials can be a promising substrate for Pt ML for the ORR from the synergetic contribution from each metal component. Figure 22 shows the ORR activity (a) and stability (b) of this catalyst. 5-and 7-fold increase in the Pt mass and specific activities, respectively, compared with Pt/C and an insignificant loss in the electrochemical surface area and almost unchanged activity were achieved.
Summary
This review demonstrates that the ORR activity of Pt ML electrocatalysts can be further improved by the modification of surface and subsurface of the core materials. The removal of surface low-coordination sites, generation (via addition or segregation) of an interlayer between Pt ML and the core, or the introduction of a second metal component to the subsurface layer of the core can further improve the ORR activity and/or stability of Pt ML electrocatalysts. These modifications generate the alternation of the interactions between the substrate and the Pt ML , involving the changes on both electronic (ligand) and geometric (strain) properties of the substrates. The improvements resulted from the application of these approaches provide a new perspective to designing of the new generation Pt ML electrocatalysts.
